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Abstract

An experimental platform to study the interaction of two colliding high-velocity (0.01 to 0.2c; 0.05 to 20 MeV) proton
plasmas in a high strength (20 T) magnetic field is introduced. This platform aims to study the collision of magnetized
plasmas accelerated via the Target-Normal-Sheath-Acceleration mechanism and initially separated by distances of a few
hundred microns. The plasmas are accelerated from solid targets positioned inside a few cubic millimeter cavity located
within a Helmholtz coil that provides up to 20 T magnetic fields. Various parameters of the plasmas at their interaction
location are estimated. These show an interaction that is highly non-collisional, and that becomes more and more
dominated by the magnetic fields as time progresses (from 5 to 60 ps). Particle-in-cell simulations are used to reproduce
the initial acceleration of the plasma both via simulations including the laser interaction and via simulations that start
with preheated electrons (to save dramatically on computational expense). The benchmarking of such simulations with
the experiment and with each other will be used to understand the physical interaction when a magnetic field is applied.
Finally, the experimental density profile of the interacting plasmas is shown in the case without an applied magnetic
magnetic field, so to show that without an applied field that the development of high-velocity shocks, as a result of
particle-to-particle collisions, is not achievable in the configuration considered.

1. Introduction

A major motivation for the study of collisionless shocks
is to understand how these shocks may accelerate ions to
very high velocities via reflections of ions across the high
electric and magnetic fields that can develop in the shocks.
Such processes could be at the source of emissions observed
from Supernova Remnants (SNRs) shocks. However, the
possibility for such mechanism to be efficient remains the
subject of intense debate and active research[1, 2, 3, 4, 5].
Hence, to have the possibility for the first time to study
all these effects in the laboratory is a great opportunity
to bring significant new results to compare with existing
observations and to simulations of these phenomena.

The study of such phenomena has been the focus of
several groups and the first interesting results have been
obtained, mostly by using the collision of relatively slow
(∼ 108 cm/s) plasma streams produced by high-power,
long-pulse lasers[6, 7, 8, 9, 10, 11]. However, up to this
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point the study of collisions with higher velocity flows has
not, to our knowledge, been investigated. Such velocities
are more relevant to astrophysical application but were
not previously exploited because the characteristic cross-
ing time of such laser-produced flows is too fast for the
shock to develop. However, by strongly magnetizing the
flows, we can, in principle, increase the shock formation
rate and can produce and study these collisionless shocks
associated with fast flows in the laboratory[12]. Addition-
ally, magnetized flows are themselves of interest since as-
trophysical flows and shocks often are produced in a mag-
netized environments.

In this paper, we will detail an experimental setup
that will be used to study these high-velocity, collision-
less shocks. We will detail the energy spectra and number
densities of ions accelerated via the Target Normal Sheath
Acceleration (TNSA) mechanism[13, 14, 15]. This will be
shown experimentally and then through simulations. The
collision of the two TNSA plasmas will be studied with-
out any applied magnetic field and, as expected, will show
no shock generation or significant density increases at the
collision point. We will use the plasma parameters derived
from the simulations and experiments to predict the con-
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Figure 1: A top view of the experimental setup of the main, split
and probe beams inside the Helmholtz coil. The full view (on the
right) shows the various entrance bores within the coil to allow for
multiple lasers to pass through the interaction region. The insert (on
the left) shows a close-up of the target configuration in the center of
the coil with the applied magnetic field perpendicular (upwards) to
the interaction direction.

ditions of the collision during the application of a high (20
T) external magnetic field.

2. Experimental Setup using External Magnetic
Field

This experiment was performed at the Titan Laser Fa-
cility at the Lawrence Livermore National Laboratory us-
ing the short pulse laser beam in the split-beam configu-
ration. This configuration splits the beam symmetrically
so that the energy contained in each segment is relatively
equal in energy (∼60 J, 650 fs). The beams are then fo-
cused using two f/3 parabolas which resulted in two high-
intensity focal spots, which are oval in shape due to the
semi-circular incoming beam: FWHM = 5.8/13.6 µm (ver-
tical/horizontal), Imax = 5.8 × 1019 W/cm2 (main beam)
and FWHM = 4.4/11.6 µm, Imax = 8.4 × 1019 W/cm2

(split beam). Both beams are timed, by using the overlap-
ping of the beams to create interference fringes, to arrive
at the same time on the targets shown in Figure 1.

The goal of this platform is to collide two high-velocity
proton plasma flows in the presence of a strong, exter-
nally generated magnetic field. For this purpose, a high-
current, Helmholtz coil was constructed at the Laboratoire
National des Champs Magnétiques Intenses (LNCMI) in
Toulouse. As shown in Figure 1, the wires are wrapped
around the axis of the coil so that the magnetic field is
created in a direction perpendicular to the velocity of the
proton beams. The full diameter of the coil is 210 mm.

The driver behind the Helmholtz coil is a 30 kJ, 20 kV,
capacitor bank, which is able to provide enough current to
provide a 20 T magnetic field at the center of the coil. The
magnetic field is constant to within 2% of the peak value
at distances up to 3 mm in radius from the center of the
coil. In time, the magnetic field strength stays constant to

Figure 2: A graphical design of the coil with the target insertion
system. The plastic target insertion system uses a telescoping arm
to allow the targets to be inserted at the correct height, prior to
precise alignment using the motorized stages.

within 2% for a duration of 50 µs. Thus the magnetic field
can be considered as constant across both time and space
in comparison to the distances and time scales of the laser
interaction.

Figure 1 shows how the beam access into the coil is
allowed by two conical bores separated by 62◦. These
bores have a total opening angle of 19◦ and were fabri-
cated so that the diameter of the cone would be 5 mm
at the center of the coil. A constant-diameter access bore
of 5 mm was centered between the two conical bores for
use with a probe beam. Finally, an additional access from
the bottom of the coil was used to allow the targets to be
positioned within the coil. The targets were inserted by
a plastic, telescoping target insertion support as shown in
Figure 2, which allowed two targets to be inserted into the
small 10 mm central region. The top of this telescoping
mount, as shown in Figure 3 holds the two targets with
two plastic target holders, these both allow the thin metal
targets to be held in place and they also block some of the
self-emission from the laser irradiated side of the target in
order to make optical diagnosis more feasible. These tar-
get holders slide along a rail that allows the two targets to
be positioned at different distances from each other.

3. Ion Acceleration

3.1. Measurement of Proton Spectrum using Radiochromic
Film Stacks

To accelerate the high-energy protons, the two short-
pulse lasers were focused onto Al targets of 4.5 µm thick-
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Figure 3: Graphical view of the top of the target insertion system.
The two targets are aligned on a rail so that their positions can be
adjusted to varying distance from each other.

ness. This accelerated protons via the target-normal-sheath-
acceleration (TNSA) mechanism, which has previously been
studied in-depth[13, 14, 15, 16, 17].

The spectrum of the proton beam was measured (with-
out external magnetic fields) using a stack of Radiochromic
film (RCF) placed 35 mm from the solid target. The types
of film used were HD (original version) and MD (original
version), the films were cut to be 25 by 35 mm. RCF
is an absolutely calibrated film that increases in optical
density when exposed to ionizing radiation. The RCF
stack consisted of layers of HD (”v1”) film followed by, the
more sensitive, MD (”v1”) film, with alternating layers of
Polyethylene Terephthalate (PET). This method allowed
the measurement of protons with energies above 1.8 MeV.

The proton energy spectrum is inferred from the RCF
stack via the following steps (as also explained in Ref [18]):

1. Conversion of the experimentally measured optical
density into energy deposition for each film.

2. Construct a response matrix giving energy deposi-
tion in each film as a function of (mono-energetic)
proton kinetic energy. This is done by modeling the
propagation of protons through the RCF stack using
the continuous slowing down approximation (CSDA)
using stopping powers from the code SRIM[19]. In
this model, we neglect both lateral and longitudi-
nal straggling, which is a good assumption consider-
ing the shallow depth of the film and the relatively
straight trajectories of protons. We also consider all
protons to be traveling normal to the RCF stack sur-
face, which is valid due to the low angles of incidence.

3. The experimental data is then fit (via the response
function) assuming an exponential-decay-like spectrum[20].

4. Finally, a response function is constructed using this
fitted spectrum. This allows the total number of
protons passing though each film to be inferred as
well as their average energy.

The proton energy spectrum is shown in Figure 4. The
best exponentially fits, where H(x) is the Heaviside step-
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Figure 4: Experimentally measured energy spectrum of the proton
beams from the main beam (diamonds, Shot9) and the split beam
(circles, Shot11). These are fit with exponentially decaying func-
tions with dashed and dotted lines for the main and split beams,
respectively. Error bars come from the expected ∼ 50% shot-to-shot
variability.
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Figure 5: Experimentally measured divergence angles of the proton
beams from the main (diamonds, Shot9) and split (circles, Shot11)
beams. The error bars are derived from the non-uniformity of the
beam shape.

function, are shown given by the equation below,

dN

dE
(E) = N0 exp(−E/T )×H(Emax − E) (1)

the best fits to the data were found to be, for the main
beam : N0 = 6.1×1011, T = 2.1 MeV , Emax = 14.5 MeV,
and for the split beam : N0 = 4.4 × 1011, T = 3.1 MeV,
Emax = 21.9 MeV.

To understand the evolution of the proton density as
it propagates over a given distance it is important to un-
derstand the angular divergence of the beam. To this end,
the half-width-at-half-maximum (HWHM) of the proton
beam was measured on each of the films. This was then
converted into an angular divergence half-angle using the
known (35 mm) distance of the film stack from the main
target and assuming a point source, which should be a
good approximation as true source size should not exceed
100 µm. The half-angle of the proton beam is shown in
Figure 5. One can see that there is a strong dependence of
the divergence angle on the energy of the protons. How-
ever, at the lower energies (2 to 10 MeV) the divergence
half-angle is more-or-less constant at around 20◦, however
this may diminish again at lower energies[21, and refer-
ences therein].
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Figure 6: Proton and carbon ion spectra measured using the Thom-
son Parabola, from the split beam incident on a solid 4.5 µm Al foil
(Shot55). The minimum cutoffs of the spectra are set by the limits
of the TP and are not physical phenomena.

3.2. Measurement of Ion Spectrum via Thomson Parabola

In general, the TNSA mechanism preferentially accel-
erates protons over other ion species for two main reasons
1) the higher charge-to-mass ratio of protons and 2) the
fact that the protons contribution comes from a hydrocar-
bon contaminant layer on the surface of the target, which
makes them the first to accelerate, thus diminishing the
field. However, in order to make sure that the interac-
tion of the two plasmas in our experiment is dominated by
the protons, the other ion species were also be measured.
To this end, we used a Thomson Parabola to study the
acceleration of multiple ion species.

A Thomson Parabola (TP)[18] uses parallel electric
and magnetic fields to deflect ions, passing through a pin-
hole before the fields, dependent on their energy and charge-
to-mass ratio. This allows different ion species to be sepa-
rated and to determine the energy spectrum of each. The
100 µm pinhole was placed at a distance of 200 mm from
the main target. The magnet was 50.8 mm long with a
field strength of 0.605 T. The electrode of a similar length
with an applied voltage of 6 kV. A Fujifilm TR imaging
plate with a 90 mm length along the magnetic dispersion
axis, was placed at 628 mm from the magnet and electrode
to give an energy resolution down to 2.5 MeV for protons.

The resultant spectra from the TP are shown in Fig-
ure 6, which shows a similar spectrum of the protons as
reproduced from the RCF stack. Note that the distribu-
tion of carbon ions is from 10 to 100 times lower than the
number of protons. For this reason, we do not expect the
carbon ions (or any other ions) to play a major role in
dynamics of the colliding plasmas. Note that, due to the
limited size of the imaging plate, there is a minimum en-
ergy that can be resolved by the TP for a given geometry,
as a function of the charge-to-mass ratio. This is the rea-
son that some of the ion spectra is not continuous down
to lower energies.

4. Estimation of Ion Density

Now that the proton energy spectrum has been de-
duced, this information is used to get an estimation of the

expected values of density for the interaction. For this we
do a few simple mathematical transformations. First, the
energy spectrum is transformed into a velocity spectrum,
where v is the proton velocity, E is the proton kinetic en-
ergy and mp is the proton mass. This assumes that the
protons are accelerated instantaneously at the start of the
laser pulse, which is not true but should only add an error
on the order of the laser pulse length (0.65 ps). The calcu-
lation is done non-relativistically, as the maximum proton
energy is less than 25 MeV.

v =

√
2E
mp

;
dN

dv
=
dN

dE
×
√

2Emp (2)

This velocity spectrum is then transformed into a to-
tal number profile based on the time, t, of interest, as a
function of the distance, r, from the target.

r = vt =

√
2E
mp
× t (3)

dN

dr
=
dN

dv
× 1

t
=
dN

dE
×
√

2Emp

t
(4)

To calculate the density of the ions it is necessary to
know the spatial extent of the plasma. For this the half-
angle, θ1/2, of the beam, as deduced from the RCF stack
is used. In this derivation, we used both the raw data
(i.e. points in Figure 4) and the fit data (i.e. lines in
Figure 4). For the raw data, the half-angle used was the
measured value (i.e. points in Figure 5), for the fit data a
constant half-angle of 20◦ is used. An initial diameter, d0,
of 10 µm is used (the laser spot size) to give the diameter
as a function of the distance from the target, r. Recall
that here the diameter d is the full-width-at-half-maximum
(FWHM) of the beam.

dFWHM = d0 + 2r tan θ1/2 (5)

If we consider the beam to be a 2D gaussian, which
is a good approximation for the proton beams, I(R) =

I0 exp
(

−R2

2σ2

)
, where I is the intensity of the signal, the

R is the radial direction, and σ is the characteristic width
(dFWHM = σ

√
8 ln 2). Then the integrated signal, T , is

related to the peak, I0, by T = 2πI0σ
2 = 2π

8 ln 2I0d
2
FWHM.

Thus we can relate the peak density to the total number
by the following relation.

dN

dV
=
dN

dr
× 8 ln 2

2πd2FWHM

(6)

Thus using these considerations we can estimate the
density profile as the plasma expands. In Figure 7, the
peak density profiles at three different times (5, 15, and
60 ps) are shown. These represent different times of in-
terest for the plasma interaction. It is important to state
that raw data points are only visible in the first plot at
5 ps. Therefore the subsequent density profiles are based
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on the exponential fits to the data and will be entirely de-
pendent on the extrapolation of these fits across a region
of energy that was not measured directly experimentally.
The uncertainty in these profiles is found to be 52% by the
addition in quadrature of the uncertainties of the proton
number and beam divergence. To show this uncertainty,
two gray lines are drawn to show the variation in the shape
of the profile by adding this 52% uncertainty to the main
beam profile and subtracting the 52% uncertainty from the
split beam profile, or the inverse. Thus this gives an idea
of the ways that the shape of the density profiles could be
modified.

We note that the peaks in the density profile (Fig. 7)
are due to the transportation of the exponential energy
distribution into a velocity distribution. This transforma-
tion adds a factor of

√
E , which drives the velocity (and

thus the energy) distribution to zero at the beginning.
We see that the density changes significantly over the

range of interest from a few 1018 n/cm3 at early times to
a few 1016 n/cm3, a factor of around 100. At the same
time, the velocity of the interacting particles is changing,
thus giving an interacting plasma that evolves quickly in
time. In the next section, we will go into detail of how the
plasma parameters change with time.

5. Expected Plasma Parameters

5.1. General Case

In order to understand the physical regime of our ex-
periment, we have calculated several of the physical pa-
rameters that we expect during the time scale of our ex-
periment, as shown in Table 1. The velocities are derived
from the times that ions (protons) would take to move
to the center of the interaction region (i.e. 125 µm) if
they start at time zero with the given velocity. Of course,
the protons will not be accelerated instantaneously, how-
ever this acceleration time should be on the order of the
laser pulse duration[16](i.e. 1.3 times the duration). Thus
this will add some uncertainty to the estimation, which
is at maximum 18% in the short (5 ps) time scale, which
would make the real proton velocity higher than that in-
dicated on the table. For the density, the peak values
estimated from the previous section are used. The elec-
tron temperature is taken using the analysis preformed in
Ref [22] for the adiabatic expansion of a thin foil, with an
initial laser-accelerated hot-electron density of 1019 n/cm3

(ωpi=0.13 ps) [23] and an initial electron temperature of
2.5 MeV, which comes from the average proton slope tem-
perature. We use the 1 MeV temperature curve presented
in FIG 2 of Ref [22] to determine the temporal evolution
of the electron temperature. For values that are beyond
this curve, we use a fit to a power-law curve, as suggested
in the paper.

Note that the plasmas are highly non-collisional. The
collisional mean-free-path (mfp) is much more than a few
meters, while the maximum length scale in the experiment
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Figure 7: Estimates of the ion density at the indicated times of the
colliding proton plasmas. The main beam comes from the left. Di-
amonds (main) and circles (split) show the raw data (only seen in
the first plot). The dashed (main), dotted (split) and solid (sum-
mation of both) lines show the exponential fits. The gray dash-dot
and dash-dot-dot lines show potential summation profiles when the
the split profile is increased and the main profile is decreased, or the
inverse, respectively, by the 52% uncertainty.
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in 250 µm. Also, since the plasma is quite non-resistive, we
expect the magnetic fields to be ’frozen-in’ to the plasma
and thus to be advected along with the plasma flow. As
shown previously in simulations [24, 25], this can lead to
the accumulation of magnetic fields that increase up to 20x
higher than the original field strength due to the compres-
sion of the field.

Early Mid Late
Time Time Time

Time 5 15 60 ps
Length 125 125 125 µm
vion 25 8.3 2.1 µm/ps

0.08 0.03 0.007 v/c
Ek,ion 3300 360 23 keV
Te 170 20 1.4 keV

Density 2× 1018 5× 1017 4× 1016 n/cm3

Coll. mfp 1×107 5×105 3×104 cm

Table 1: Estimates of parameters of the TNSA plasmas at different
times during the interaction. The values are, in order, the time of
interaction, distance of the interaction, the velocity of the proton
that should be at the center of the interaction, the proton velocity,
the proton ion kinetic energy, electron temperature, the peak density
at the center of the interaction, and the collisional mean-free-path.
We expect the uncertainty in these values to be on the order of 50%
due to the shot-to-shot variation in proton number.

5.2. Magnetized Case

As the purpose of this experimental configuration is to
collide plasmas in an external magnetic field, we will now
expand upon the previous estimates to create an under-
standing for the plasma parameters that should be present
in a magnetized case.

The pulsed Helmholtz coil is capable of delivering a
magnetic field of 20 T. However, previous work[24] has
shown that such a field can be compressed considerably,
since the field are transported along with the plasma flows
themselves. In these simulations, the maximum fields achieved
by this compression were on the order of 500 T. Thus to
understand the value that may be present in the real ex-
periment, we will look at magnetic field values of both 20
and 500 T.

The results of our analysis are shown in Table 2 for
the three different timescales considered previously (5, 15,
60 ps). One can see considerable difference in how the
plasmas react to the magnetization as time progresses. At
early time, the thermal pressure of the plasma is obvi-
ously dominant over the pressure exerted by the magnetic
fields. While there may be some effect modification of the
electron trajectory by the magnetic field, this should be
highly dependent on the value of the field and the amount
of compression achieved.

At the middle time, the thermal pressure has decreased
and thus the magnetic pressure may begin to play a role,
however the importance of this role is governed by the
amount of compression achieved and may be minimal.

However, the kinetic effects of the field on the electrons
should begin to become important, as even at minimal
(pre-compressed) values of the magnetic field, the Larmor
radius begins to have a small size relative to the interacting
system.

Finally, at the late time, the plasma begins to become
magnetized. Even at lower magnetic field values, the mag-
netic pressure is of a similar order of the thermal pressure,
thus with even minimal amounts of compression, this mag-
netic pressure may become dominate. Additionally, the
electron Larmor radii should be quite small compared to
the size of the system. Interestingly, at this point, depend-
ing on the amount of magnetic field compression, the ions
may also experience some deviation due to large values of
the magnetic field.

Early Time B = 20 T B = 500 T

P, Thermal 4×1010 4×1010 Pa
P, Magnetic 2×108 1×1011 Pa

Beta 260 0.4
Ion rL 13000 520 µm

Electron rL 75 3 µm

Mid Time

P, Thermal 1×109 1×109 Pa
P, Magnetic 2×108 1×1011 Pa

Beta 9.2 1.5×10−2

Ion rL 4300 180 µm
Electron rL 24 1.0 µm

Late Time

P, Thermal 8×106 8×106 Pa
P, Magnetic 2×108 1×1011 Pa

Beta 4.9×10−2 7.9×10−5

Ion rL 1100 44 µm
Electron rL 6.3 0.25 µm

Table 2: Estimates of parameters related to the magnetization of the
TNSA plasmas at different times (5, 15, 60 ps) during the interac-
tion. Values shown, in order, are the thermal pressure, the magnetic
pressure, the magnetic beta parameter (thermal/magnetic pressure),
the proton ion Larmor radius, and the electron Larmor radius.

Thus as the plasma evolves in time the importance of
the magnetization of the plasma increases. By looking at
these difference time scales, we thus get an idea of how
such different parameters will affect that evolution of the
two-plasma interaction.

6. Simulation and Reproduction of Initial (Non-
magnetized) Ion Spectrum

To make a connection between theory and experiment,
we used Particle-in-Cell 2D3V simulations of the laser in-
teraction with a composite target. These simulations used
the code PICLS [26]. The target is 0.5 µm thick and com-
posed of Carbon ions, protons and electrons. The target
density is 300 times the critical density. The plasma is
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Figure 8: Proton energy spectrum obtained modeling the laser-
plasma interaction directly in the 2D PICLS simulation after 1.9
ps.

located 70 µm from the left side in the 176x160 µm sim-
ulations box. The spatial and time steps are respectively
∆x = ∆y = 15 nm and ∆t = 0.05 fs

The laser pulse was defined to be the same as in the ex-
periment. Ionization process was not considered in simula-
tion, the initial state of the target was plasma-like medium
with cold ions and electrons, distributed in a way to neu-
tralize ion charges. On the front side of the target we set
nanoplasma, composed from CH2 plasma with an expo-
nentially decrease and a characteristic width of 1 µm.

In figure 8 we present the results for the ion spectra.
The maximum energy obtained in this simulation is higher
than the one measured in the experiments which is to be
expected from a 2D simulation confining hot electrons to
the simulation plane. This spectrum can be fit with a dou-
ble exponential spectrum with two slope-temperatures of
0.7 MeV (mostly for energies below 10 MeV) and 7.5 MeV
(above 10 MeV), compared to the 2.5 MeV temperature
found experimentally.

7. Simulations with Heated Electrons

For the further high-resolved numerical studies we need
to distinguish, which is the most important part from
TNSA plasma, obtained in experiment. Subsequent stud-
ies will focus on the interaction of the two plasma flows
(with or without applied magnetic fields) and so the abil-
ity to run simulations at long timescales is very important.
It is evident, that taking into account all the target compo-
nents will obstruct the physical understanding of the ini-
tial stage of flows interaction. In this section we compare
the proton spectrum, obtained in experiment and in the
previous full-target simulation, with the simplified model,
described below. We expect this model to reproduce the
proton spectrum, which much less computational expense
than the laser-simulations allowing us to solve upcoming,
long timescale, numerical problems.
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Figure 9: Proton energy spectrum from PIC simulations for an ex-
pansion of plasma slab with cold protons and heated electrons. Elec-
tron temperature (in the center) Te = 1.87 Mev, slab width 2 µm.
The inset show a picture of the electron density in the simulation at
the time of 2.5 ps timesteps. The colorbar is in units of 1019 n/cm3.
The spatial scale is normalized to the spatial step in the simulation
of 10.6 µm.

7



The most important numerical problem, as we see it,
is a wide range of plasma density in case of two flows col-
lision. As we know from experimental measurements, in
the interpenetration region, plasma has a density of about
∼ 1016−18cm−3. Less dense parts may be also important
in the case of an applied ambient magnetic field before the
interpenetration process starts, because it accumulates the
ambient magnetic field during the propagation and brings
it to the interaction region [25, 24]. At the same time, the
low energy part of the expanding plasma, which comes to
the interaction region later, has the initial density, compa-
rable to the solid body, ∼ 1021−23cm−3. This high density
demands high spacial resolution, and at the same time,
the very high number of particles to have a good statistics
in the low density interaction region.

Our simplified plasma source for study a plasma flows
collision is based on electron-proton plasma, contained in
a thin (few microns) plate, with a temperature profile set
for electrons, while ions are considered cold in the initial
time moment. The plate density is n ≈ 3×1021cm−3 with
a plate width of 2 µm. The results of the free expansion
of such a target is shown in figure 9. It qualitatively re-
produces the experimental spectrum for protons, demon-
strates density decrease in 3 orders for energy range from
1 to 20 MeV.

8. Measured Density Profile in non-Magnetized Case

To analyze the density profiles of the colliding plasmas
interferometry measurements were taken using a short-
pulse (650 fs) probe beam at 1ω (1054 nm) in a Mach-
Zehnder geometry. Much care was taken to keep the optics
free of debris to preserve an optimal phase front, as, due to
the low densities present in the experiment, the expected
phase shifts are on the order of 1-10% of the fringe spacing.
The fringe spacing was 34 µm. The interference fringes
were analyzed using the wavelet analysis tool within the
image analysis toolbox of the code Neutrino[27].

Figure 10 shows an image taken by the inferometer of
the TNSA plasma generated by the two short pulse lasers.
The image is taken of the rear sides of the targets (4.5 µm
Al) separated by 250 µm so that the laser pulses are not
visible. The beams are incident across the horizontal di-
rection (called ’propagation direction’ in the figure) with
the main beam coming from the left side and the split
beam coming from the right side. The image shows an
in-homogeneity, in that the right side of the image has a
much higher observed fringe shift. Also, the left side of
the image does not seem to very symmetric in the lateral
dimension. The reason for this lateral difference is due
mostly to the quality of the fringe shifts observable, be-
cause this data was taken near the edges of the foil it is
subject to some diffraction and to being blocked by the
edge of the foil holder, which will tend to blur out the
shift of the fringes locally.

Figure 11 shows a lineout taken across the horizontal
plane of this image centered at the center of the beams.

Figure 10: Integrated density image of two colliding rear-side TNSA
plasmas coming from the left (main beam) and the right (split beam)
without an external magnetic field (Shot58). Taken using the Mach-
Zehnder interferometer at 15 ps from the short-pulse interaction.
The color axis is shown in units of integrated density of n/cm2,
which corresponds to fringe shifts of 1016n/cm2 → ∆L/L=4.7%.

Notice that the density from the split beam target is about
a factor of 2x higher than the split beam. This difference
may be due to on-shot differences between the two beams
or simply shot-to-shot variation of the ion acceleration.

Notice that in there is no significant observed density
increase at the center of the interaction region. This sug-
gests that, without an external magnetic field, that the
density of the two beams is not high-enough to form vis-
ible shock when they interact without the presence of an
external magnetic field.

We also show in Figure 11, the comparison between the
estimated integrated density profiles from the RCF spec-
trum as derived in Section 4. Notice that this line matches
the experimentally measured quantities quite well at the
center of the interaction. However, at the edges of the
interaction the peak values deviate significantly. There
are a few possible explainations for this, first of all we did
not directly measure the proton energy or divergence spec-
tra at these lower energies, which creates uncertainties in
the fits. Additionally, at these distances very close to the
target, the density from other ions accelerated in the inter-
action (e.g. Carbon) may be higher, due to the fact that
these ions are more bunched together than the protons due
to their lower velocity.

9. Conclusions and Perspectives

We have introduced an experimental platform to study
the interaction of two colliding high-velocity (0.01 to 0.25
c) TNSA proton plasmas with or without an applied ex-
ternal magnetic field. The expected plasma parameters
from such interactions have been estimated in the pres-
ence of an external magnetic field. Such estimations show
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Figure 11: Horizontal lineout of the integrated density profile from
the interferometer at 15 ps from the short-pulse interaction in the
solid line with error bars. The left and right sides correspond to the
main and split beams, respectively. The dotted line is the expected
integrated density inferred from the RCF spectrum as derived in
Section 4.

a plasma that is highly collisionless, so that any interac-
tion should be due to collective effects and not to collisions.
We can also expect, according tho the theory presented in
Ref [24], that the magnetic fields may be advected with the
plasma flow, which should lead to the compression and en-
hancement of the field. Looking at the relative strength
magnetic field, both via fluid and kinetic effects, shows a
plasma that should be dominated by magnetic forces at
given times in its evolution.

We have used Particle-in-cell simulations to reproduce
the spectrum of the interacting protons, using both di-
rect modeling of the laser-plasma interaction and using a
simplified model using heated electrons, which should be
much less computationally expensive. With these tools, we
expect to be able to understand and identify the physics
relevant to the two-plasma interaction.

We believe that this setup should be extremely useful
to enhance our understanding of the role of collisionless
shocks and how these shocks may be affected by exter-
nal magnetic fields to either create or simulate a stronger
interaction.
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